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V\BSTRACT 


As a continuation to Part To of the hypersome plasma generator known 

as ASP (Acrodynamic Supply of Power), experimental analyses have 
been extended to investigate in detail the various parameters that govern 
the operation of the generator, AV final feasibility study was made, and 
possible modifications to the theory are outlined. Test runs in the 
Sundia Corporation are yet with air as the working fluid at 12,000 BTU/Ib 
have generated 8 amp /in® short circuit currents and 2.3 volts open cir- 
cult voltage, Under favorable conditions, full-size re-entry vehicles in 
the altitude range of 200, 000 to 80, 000 feet are expected to yield several 
kilowatts of power, 
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Frontispiece \ Hypersonic Plasma Generator 


THRE HYPERSONIC PLASMA CONVERTER 


Introduction 


The operational principle of the hypersonic plasma generator has been discussed in detac un dort | 
(Reterence 1) of this two-part report, Briefly, the nose cone of « re-entry Vehicle serves as oo the rrmaionic 
emitter of cleetrons, or a cathode (see Figure 1) These electrons are then conducted through the shock 
lonized stream, increased in kinetic energy by collisions, and collected over the relatively Cool vetiie te 
afterbods which ais electrically insulated from the nose cone and which serves as an anode, Of « Colector, 
A load connected between the cathode and the anode within the vehicle completes the circuit. ihe generator 
has the basie features of a plasma thermocouple and, for its power output depends primarily on the Large 
temperature and area differences between ematter und collector, with the kinetic energs of the plastia 


Clectvotis as its energy source, 


SHOCK IONIZED AIR. 


INSULATOR 


EMITTER / 


Rigure 1. Schematio of ASP Generator 


In addition to the several references mentioned in Reterence 1, two more works CRelerences 2 ond $) 
have been published recently which deal with the ASP penerator, The first work surminarizes the edhs paints 
ot both Reterence Land the present report, The second work summarizes the progress reports atthe work 
done bs the Llectrieal Pngincee ring Department of the Urisersits of New Viexstoo on a contract wath Sanda. 


Corporation starting: danuars 1963 and ending June boo. 


Theory 


For a full treatment of the theory of the plasma generator the reader is referred to Reference 1 and 
several references quoted therein, We repeat briefly the salient points in its development, the space - 
charge neutralized volt-ampere characteristics aes < 0, V om emitter sheath potential) of the generator 
can be represented by Equation 5 from Reference Lb, or, 


bE ie aA ; ee ae 
‘ re ; 
Ns fn SEES ra + ( - )-Ir (1) 
e ] lig tn Pa b. 
eem 1c 
where 
T - clectron temperature 
Fc 
- random electron current to collector 
tc 
- random electron current to emitter 
eem 
ly - thermionic emission current 
1 
- random ion current to emitter 
lem 
a - random ion current to collector 


9 ,§ - work functions of emitter and collector respectively 
CEE 
rr er oir, )- cireuit resistance (plasma, contact and load) 


The open circuit voltage then becomes 


ie acta dy eth Le ene (2) 


OC 3 1/838 e ( 


woere, there has been troduced the notation of Waymouth, Reference +o oor 


q 
i GEMPPEE 
lp 
’ TREES 
ae On 
tho cem 
Vr = voltage equivalent of plasma electron temperature 
For Vv > O(e.g. 6~ 1), Equation 2 changes to 
em 
Ea en eee Miia see bee (33) 
Oc Tem t e ¢ 
where Vor - voltage equivalent of emitter temperature. 
em 


The short circuit current, on the other hand, follows by setting V = Ag@ = 0 


b+ y4/' -1 
sc 
r=V_. in| -—-+—.-— (4) 
ine ah y/8 + (31 
Sc 
where 1 - nondimensional current i /1., 
se se’ th 


For zero resistance, Equation 4 can be simplified to yield (Reference 4) 


I 
Senet ly (5) 
sce l+p 


or, tf back emission from the collector Uh is included 


: Aerie / . 6 
ae (iy Vy f)/ a {}) (6) 


It should be noted that the basic volt-ampere characteristics equation above has been derived on the 
basis of a rather unrealistic assumption of constant electron temperature around the vehicle and a constant 
electron density, As will be shown later, the gas temperature in the flow field changes approximately 
40 degrees while eapanding over a l2-degree hemisphere cone, Electron densities can decrease by as much 
as three orders of magnitude from emitter to collector, Furthermore, because of large currents 
(20-30 amps, ae) being duniped in the plasma jet, joule heating and Thompson effects may become prominent 
in disturbing the plasma temperature distribution, These and other modifications necessury for refining the 


ASP generator theory are discussed in detail in the Appendix. 


Experiments 


To verify the analytical predictions of the hypersonic generator, «an extensive set of experiments were 
performed in the Sandia Corporation 160 kw plasma are tune’, The various model geometries used in the 


plasma tunnels are shown in Figure 2, 


A. Test Conditions 

The average diameter of the models and of the plasma jet was 3/4 inch and 1-1/4 inches, respectively, 
The details of the flow field around an 5-6 model in the 160 kw plasma jet, with argon and air as the working 
gases are presented graphically in Figures 3 through 7 and tabulated in Tables I and Il. As observed from 
this data, the average flow Mach number is 2, 5-3.0 with mean energy inputs to the jet of 5000 BTU/1b for 
argon and 12,000 BTU/Ib for air (or nitrogen), The ambient pressure in the test chamber is of the order 
of 7 mm ( 0.01 atm) and stagnation pressures range from 0.06 to 0.13 atm, Figure 7 shows the equilibrium 


and nonequilibrium calculations of the temperature in the jet for air at various energy inputs over a 
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TABLE I 


Electron Density in Argon Gas 


n 
(i n 
3000 BTU/Ib 
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TABLE I 


Electron Density in Air 
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blunted cone (12-degree included angle) model. Kinetic temperatures are seen to fall by dO percent tor 


low-energy inputs and 25 percent for high-energy inputs inthe equilibrium-flow calculations. “These calues 


are high by about 15-20 percent when they are compared to more realistie nonequilibrium caleulations 
Some of the Litter were extrapolated directly from TRW/STL. Laboratories, using calculations applied to pro- 


totype flight conditions (see Figure 8). Corresponding drops indvonizetion levels are givenoan Tables Toand Tt. 
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Figure 8 ShorteCireu' Carrent Versus Emitter Vrea tor (wo Values ot bttectree .8, 
Runs made ain Argon Gas with o000 BYU Tb bneres, ond Nitrowen ot 
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Bo Parameters Tnfluencing Generator Output 
The detailed theoretical analyses made in Keterenees Poa, ond a cndoiro the \ppendinx cot this pepor 


show a set of parameters that povern the output of the plastia generator rrdepandinns, wivds orale re iioels 


These mas be listed as follows: 


Te RISC oN BU aN Por dipectl. proportionel to tha the prrntenae ¢ 


aa a a Be a 


Dashimon formula 


tA Ctotate aie tke INE Meetidindin= 


I (constant) A I~ exp f---2— 
th Onn 


and hence determines the mognitade of short ciapcouiteurpent output according to by ratios 


2. Toamutter to Collector \rea Ratio -- Giz A 7 Jas proportionad to the ratte of tendam ciectoan 


= -—— — = TE ek 


cubtentat the emitter to thatat the collector, In Equation 2 this parameter acts Like oa pes etance 


i. Eimatter and Collector Surface Temperat res -- (7 2 OE Deatte corte tits sri iS ates 
ee em ( 
proportional to surface temperature according to the Richardson- Dushmar eqaation above.  brom bqaation &, 
On Cen Ore tha ko »oP for minimum back Emission, 
em ¢ 
Moa). Kinetic Temperature in Plasma -- Cb Dis the vers source of the pomeratar ene rats bo juations 2 
SSRI ote aad SEE ORE SERA Ac 
nd 3 show the open circuit *oltage to be directly proportional tu the electron tetaperature [and to depend 
‘ 

logarithmically on the degree of tonizetion in the plasma which is also direc! function of | 

1b) Degree of foniation - (iu ot) determines the power output direct. through tae ters cb qaation 2) 

as ——— eapetcones re) 

endoandipecthy bs neutralizing the space charge created by the emission esectron cloud at the cathode hess 


proportional to the pas pressure and temperature, 


HO). Plasma Resistance -- Cr ) limits the etfeetive length of the collector and Conse puenth: bast 


= p 


direct bearing on reducing the inereased short circuit Current output brought about Ds on ameve se an vetae de 


Sit Caen Lee 
, b em 


a, Contact or Paternal Resistance -- Hither resistance 15 a -iphifieant constituent to the totad 


venerator paternal impedance for the plasma jet scale models, Ttoccurs primarily at the collector -tossting 


conteet point (see Figure 2a), 


6. Emoatter and Collector Material -- These povern the output through two toctors the work funtion, 


Whichoan turn governs the electron emission rate and under proper conditions Cato sapply as roach as boo volts 
through @ = @ ain Pquation band the electrical properties which contribute to the total anternel ueape dance 

G « 
of the generator. Because the \SPois a low- oltage, high-current device, the anternad vipedanee should be 


kept minimal, 


Itas obsious that there is a strong interdependence among the vatlous parameters disted ata se 
boreswmple, a favorable effect expected by a change an one parameter might cause an adverse etheetoon 
enothedr The tollowing experimental results show these vartous effects, and with the theoretic: predie trons, 


can lead one toestablish optimum working conditions tor the hspersonte plist generator, 


C.  uUxperimental Results 


The results reported bere were collected during «a vearoan Sandia Corporetionts PbO hW poasiia jet 
faculit\, Final experiments are now under way in the T-mw faculty wath berger models to studs vn greater 


detail the ettects of parameters boand 2, 


L Emuatter Area s+ Table (ib lists the various sizes of emitters and collectors used The eruither 
a 
wPeas vars between O08 and 2.50 in and ff varies between Tand 0.08) \s predicted trom baquotior 1 the 
short circuit current shows a linear dependence of | on the emitter area Chigure 8) \Vocordinag to 
St 


Pequation 4, this linear dependence should change as the plasma resistance becomes significant (r+ 0, 0) obi) 
,? 


Vhis effect was noticed clearly aionitrogen, but wes insigniffeantain argon becouse of the high depres aot 


. 


luniégation an the latter, Because of the limited size of the get and consequently of the models, onl: @rrends" 


$ 


were Obtained in nitrogen gas represented bs the dotted lines in Pagure 8 Phe open-cire ut voltage showed no 
dependence on the emitter area as predicted from Equation 2.0 Figure } compares outputs from two pea 


roetrically stritlar models with different emitter areas 
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2. Emitter to Collector Area Ratio -- A large number of runs were made to determine the effect of ff 


on power output, espectally on the short-circuit current | Figure & shows this effect graphiealis In general, 
the trend follows theoretical predictions, however, for most models the etfect of flow separation over the 
model afterbods, the contact resistance between sting and collector (see Pigure 2a), and the plasina resist- 
wnce becoming effective for B 20.2, could not be identified separately and, consequently, aneffective fi = as! 
best for 


- 1, 
Ith (1+ $8) 


Meetted™ collector areas only. These were determined visually bs observing detachment and reattachment 


was used to correlate data, For negligible Ee andr, the date fit the curve a H 
5) e 


points and collector surface glow, For increasing plasma resistance (ego. air and mtrogen runs) the points 
on! vs A curve fell below the respective {3 lines, indicating the effect of roo. This point is discussed in 
sc em 


greater detail below, under 4(c). 


3, Emitter and Collector Surface Temperature -- These temperatures were measured with a two- 


color pyrometer attached to a recording chart. When the arc jet glow overshadowed surtace color tempera: 


tures, the jet was turned off instantaneously and the surface temperature estimated from the thie -tempe rature 


OF 
deca’ histors, with an accuracy within +100°C, Depending on the arc jet energy and model material, average 
a , NOR: ; oO 
Values of T varied between (300 and 3200°C. Stagnation point temperatures exceeded 3400°€ on sharp 
em 
cone models (higure 2e), This temperature was deduced from observing melting tungsten, Poo was bess than 
« 


100°C fur S-O models (see Figure 2), about 1500°C for model S-6 surfaces, and 1800°¢ for S- 30 models, 
Back emission from the collector becomes signmific co tor un ea 20,8, Masimurm tested cone anples were 
10° with us Le < 0.7, Figure 10 shows the output for four geometries having comparable va apy 
Hotimerhead geometries are shown to reduce output because of reduced effective # arising from flow sepa - 
ration, a (1-43) for S-30 was twice that of S- 10 with a slightl lower output, probably because of Consider- 


able back emission from the S-30 and very large Bf = 1,0), 


4a). Kinetico Temperature in Plasma -- Accurate estimates of this parameter were difficult to make, 


Calorimetrc and pitot pressure studies (Reference 6) combined with spectrographic estimates (Keterence 7) 
pave values of 12, 000°K clectron temperatures at the stagnation point of the ASP vehicle in S000 BEE Ib 
argon pas, Tnoair, stagnation temperatures were estimated at 7500°K for 12,000 BTU/Ib energy input 
Unfortunately, no spectrographic results are avatlable at present to check this magmitude which may be 
somewhat optimistic, Figure 7 gives plots of oles over an S-6 shape model for air, using both | quilabrium 

md nonequilibrium reaction calculations The maximum temperature drop from stagnation point to afterbodys 


is of the order TT ~ 0,5, 
oO 


To estimate open-circuit voltage values under optimum run conditions, which in argon would corre - 


spond to Ver Le 0201/2935 ctnd anar Vr =O. 7 ev, 4 - 1/155, the following table ts obtained 
TABLE IV 
Open-Circuit Voltage 
RSPCA 4008 Se eee ere 
Vo (volts) Vo etolts) 
tt OOS aa heey ee 
: 0.10 32 0.10 Leo 
em 
Choc) 0, 01 Boe: 0,01 0.67 
0. 10 6,51 0.10 4.22. 
em 
(Eq. 3) 0. O01 5,95 0,01 708 
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possible to obtain 4 volts open-circuit soltage with ae ; -OQand 6 OO, 1 see Appendix) Corre spondated 
MeaSurements Wiwip pase optimnnum values of 1,9 to 2. 3 volts open Cire uit, 

HO) Degree of lonization -- Prom above values ol ae (Pabies Tand 11), the percent roniéctvon in the 
Was abound the VSP model can be summed up. [nm section daa) above values of + were based on complete 
Chappe neatralieed tlow conditions This, however, was not the case for all test conditions, as was exiderit 
trom special seceded pas buns where sasues of V Incressed by lo to 25 percent, depending on ene ras caput, 
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powder was ted downstream of the arc at the rate of Pym oman, or a maximum of T percent by weight of the 
vas omnass tlow, Phe etfect ot vonteation on short-circuit current Outputots further illustrated in bipgures 1 
md bo where, an addition to seeding, special runs are shown which were made with various mass ratios of 


VN) gus. bagure 13, onthe other hand, compares runs on oargon, air and nitrogen on the same trode] vid 


comparsble energy anputs, with maximum output decreasing from 14 watts to d watts, respectivels, 


tio), Phostna Resistance poos- Referring to Equation 4, the short-circuit current is seen to deperd 
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Several runs will also be made with cesium impregnated tungsten emitters to simulate in-flight 
seeding Conditions, and a new set of heat resistant carbide surfaces will be tested. Finally, models have 
been desipned with two emitter-collector pairs to evaluate the "in-series™ behavior of such a penerator, 


These results will be given ina separate report before the end cf the year, 
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